Messenger RNA recycling is an essential activity, important for replenishing the nucleotide pool and for gene regulation. Degradation of existing mRNAs and synthesis of different ones enable the cell to change its protein expression program. This latter function is especially important for bacteria that divide rapidly and that must respond quickly to environmental changes.
Two papers in PNAS, by Piton et al.
(1) and Hsieh et al. (2) , make an important contribution to the understanding of bacterial mRNA decay, which has advanced considerably in recent years because of three notable discoveries: i) First was the realization that Bacillus subtilis RNase J1, a member of the RNase J family that was initially reported in B. subtilis (3) and is widespread in the Bacteria and Archaea, has 5′-to-3′ exonuclease activity (4) , an activity that is not found in Escherichia coli and was long thought not to exist in prokaryotes. Although RNase J1 is an unusual dual-specificity enzyme that also has endonuclease activity (5), arguably the major function of RNase J1 in mRNA decay is its 5′ exonuclease activity, which can degrade mRNA in the 5′-to-3′ direction (6) . However, RNase J1 is able to degrade RNA exonucleolytically only from 5′-monophosphate 5′ ends; it shows virtually no exonuclease activity on RNAs bearing a 5′-triphosphate end (7) . Because initial transcription products have a 5′-triphosphate end, understanding how RNase J1 could degrade mRNA exonucleolytically awaited the discovery of an activity that hydrolyzes the 5′-terminal triphosphate to a monophosphate. ii) In 2008, Belasco and coworkers reported the existence of an RNA pyrophosphohydrolase enzyme (RppH) that triggers mRNA degradation in E. coli (8) . This activity is now known to be present in several other bacterial organisms, including B. subtilis, where it is named BsRppH (9) . BsRppH removal of the α and β phosphates from a 5′-terminal nucleotide makes the mRNA accessible to RNase J1 and is thought to be the decay-initiating step for many mRNAs. This pathway of mRNA decay (Fig. 1A) is similar to the major pathway found in eukaryotes, where deprotection of the 5′ end by removal of the 5′-cap structure is followed by exonucleolytic degradation (10) .
RppH is a member of the nucleotide diphosphate linked to X (Nudix) superfamily of hydrolases, found in prokaryotic and eukaryotic organisms, which hydrolyze phosphate from phosphorylated forms of diverse organic compounds. Whereas Nudix family members have a conserved signature motif and a characteristic fold, the enzymes that are capable of hydrolyzing pyrophosphate from the 5′ end of an RNA chain frequently bear little sequence similarity to each other. Thus, it is often difficult to predict which of several Nudix proteins in an organism participates in mRNA decay. In addition, even among the RNA pyrophosphohydrolases, the mechanism of pyrophosphate removal differs: E. coli RppH removes the γ and β phosphates See companion articles on pages 8858 and 8864.
together, whereas BsRppH removes them individually (9) . In E. coli, which does not have a 5′-to-3′ exoribonuclease, 5′-terminal pyrophosphate removal allows efficient recognition by RNase E, an endoribonuclease that is the major mRNA decay-initiating enzyme. RNase E endonuclease is many times more active on 5′-monophosphorylated RNAs than on 5′-triphosphorylated primary transcripts (i.e., it is an endonuclease that acts in an RppHdependent manner). RNase E also has a 5′ end-independent endonuclease activity (direct access to internal sites) that operates independently of RppH activity; see The two papers in PNAS (1, 2) provide the latest revelation in our understanding of bacterial mRNA recycling. Condon and coworkers (1) and Belasco and coworkers (2) show that BsRppH possesses target specificity that is determined by the nature of the nucleotide in the second position of the chain. Piton et al. (1) approached the issue from a structural point of view. X-ray crystallography was performed on purified BsRppH, as well as the protein bound to several nucleotide and oligonucleotide ligands. The results gave evidence for an extended binding site that contacted more than the 5′-terminal nucleotide. NMR mapping of chemical shifts that occurred after substrate binding demonstrated convincingly that BsRppH makes binding contacts with the first two nucleotides. The structural studies suggested that a guanosine (G) in the second position makes more contacts with bindingsite amino acid residues than other nucleotides in this position. Confirmation of a preference for G in the second position came from biochemical assays using purified BsRppH.
Hsieh et al. (2) focused initially on the number of single-stranded nucleotides required for BsRppH activity, because it had been reported earlier that 5′-terminal structure inhibits this enzyme (9). Hsieh et al. (2) found that a minimum of two unpaired nucleotides was required for activity but that three or more unpaired nucleotides were required for maximal activity. This suggested that the enzyme's binding pocket accommodates more than the 5′-terminal nucleotide and precipitated a thorough analysis of the effects of nucleotide identity in the first three positions. Hsieh et al. (2) observed virtually no hydrolase activity for substrates bearing A, C, or U in the second position, whereas substrates with a G in the second position gave robust activity. Hsieh et al. (2) also performed mRNA half-life experiments in B. subtilis that corroborated the physiological significance of the sequence specificity at the second position observed in vitro. The identity of the nucleotide in the third position had slight effects on activity, as found also by Piton et al. (1) . The biochemical assays in the two papers were done quite differently, which explains why Piton et al. (1) conclude that BsRppH has a preference for G in the second position, whereas Hsieh et al. conclude that BsRppH has a requirement for G in the second position.
Piton et al.
(1) surveyed nucleotide identities in the first 10 positions of B. subtilis mRNAs. Whereas positions 3-10 showed a homogeneous distribution of all four nucleotides, position 2 showed a distinct preference for nucleotides other than G. Only 15% of mRNAs surveyed had a G at position 2 and were therefore potential substrates for BsRppH. Importantly, Hsieh et al. (2) present evidence for the existence of another RppH activity in B. subtilis that is less sensitive to the particular nucleotide at the second position. The identity of this second RppH is as yet unknown, and its forthcoming discovery will be another milestone in the clarification of bacterial mRNA-decay mechanisms.
The important conceptual advance emerging from these papers (1, 2) is that the pathway for initiation of mRNA recycling is dependent not only on 5′-terminal structure but also on 5′-terminal sequence. BsRppH would be involved primarily in initiation of decay of mRNAs that have at least three unpaired 5′-terminal nucleotides and a G at position 2 (Fig. 1A) . A different RppH activity would be required for mRNAs that have A, C, or U at position 2 (Fig. 1B) . In either case, deprotection of the mRNA 5′ end would allow initiation of RNase J1 5′ exonuclease activity. However, RNase J1 prefers at least a 9-nt single-stranded tail for maximal activity (14) . Therefore, recycling of mRNAs bearing a short 5′ tail would likely proceed by an alternative pathway involving pyrophosphate removal, followed by RNase Y endonuclease activity (Fig. 1C) . Finally, recycling of mRNAs with a structured, BsRppH-insensitive 5′ endand perhaps also mRNAs with a strong ribosome binding site close to the 5′ end (15)-would be recycled by a 5′ endindependent pathway (Fig. 1D) , involving direct access to internal sites by the endonuclease activity of RNase J1 (16) or RNase Y (17) . Just as concerned citizens dutifully separate their plastic, metal, paper, and glass recyclables into different bins, mRNA recycling in bacteria requires sorting into the various recycling pathways (Fig. 1) .
